I review the main features of the color charge degree of freedom in particle physics, sketch the paradox in the early quark model that led to color, give a personal perspective on the discovery of color and describe the introduction of the gauge theory of color.
Introduction
Our present conception of the nature of elementary particles includes fractionally charged quarks that carry a hidden 3-valued charge degree of freedom, "color,"
as fundamental constituents of strongly interacting particles (hadrons). The main features of color are (1) it is a hidden 3-valued charge degree of freedom carried by quarks, (2) it can be incorporated into an SU(3) color gauge theory, and (3) the hidden color gauge group commutes with electromagnetism. This third feature requires that the electric charges of quarks are independent of color, which in turn requires the quarks to have fractional electric charges.
Quarks with fractional electric charges were introduced by Murray Gell-Mann [1] and, independently, by George Zweig [2] in 1964. Also in 1964 I introduced color, using parafermi statistics of order 3 [3] . This 3 is the same 3 as the 3 of SU(3) color .
My work was stimulated by the SU(6) theory of Feza Gürsey and Luigi A.
Radicati [4] in the same year. Gürsey and Radicati placed the baryons in the symmetric 3-particle representation of SU (6) . This produced a paradox: The spin 1/2 quarks must be fermions, according to the spin-statistics theorem, and can only occur in antisymmetric representations. I resolved this paradox in 1964 [3] by suggesting that quarks obey parafermi statistics [5] of order 3, which allows up to 3 particles to be in a symmetric state. As mentioned above, the 3 of the parafermi statistics is the same 3 as the 3 of color SU(3).
Because particles with fractional electric charge had not been observed, several of the early authors chose models with integer quark charges. Such models are unacceptable both theoretically and experimentally. In models with integer quark charges electromagnetism does not commute with color so that color symmetry is broken. Such a model violates the exact conservation of color which is a crucial part of QCD. Integer charges also conflict with experimental evidence coming from the ratio σ(e + e − → hadrons)/σ(e + e − → µ + µ − ) as well as from the analysis of jets in high energy hadron collisions.
I emphasize that there are two independent discoveries connected with the strong interactions: (1) color as a charge-analogous to electric charge in electromagnetism, and (2) color as a gauge symmetry-analogous to the U(1) symmetry of electromagnetism.
The gauge symmetry of a theory is intimately connected with the quantities that are observable in the theory. In the context of parastatistics if only currents such as
are observable, then the gauge symmetry is SU(3). With additional observables such as
the symmetry is SO(3).
For the parafermi theory of quarks we choose only baryon number zero currents, so that only the currents of Eq.(1) are allowed. Currents such as Eq. (2) have non-zero baryon number and are not allowed. Thus the parafermi theory must be associated with the symmetry SU(3). We can make this explicit, following Oscar
Klein [6] , by transforming the Green components of the parafields to sets of normal fields. The choice of currents with zero baryon number leads to explicit SU(3) symmetry for the normal quark fields. To summarize, the choices of observables and of gauge symmetry are directly related.
The parastatistics of H.S. Green cannot be gauged because the commutation rules for the Green components with equal values of the Green index are not the same as the commutation rules for Green components with unequal values of the Green index. Kenneth Macrae and I [7] showed how to modify Green's parastatistics so that it can be gauged by reformulating parastatistics with Grassmann numbers.
Further, we showed that using Grassmann numbers that obey an SU(N) (SO(N)) algebra leads to an SU(N) (SO(N)) gauge theory.
In summary, the full understanding of color emerged from the work of Green- 
[
(For the parabose case interchange commutator and anticommutator.) For parafermi (parabose) statistics of order p at most p identical particles can be in a symmetric (antisymmetric) state.
As mentioned above, Klein gave a recipe for converting fields that anticommute (commute) into fields that commute (anticommute). Schematically, his transformation is
The Klein transformation converts the anomalous anticommutation (commutation) relations to the normal ones.
Albert M.L. Messiah and I worked together on generalizations of the usual bose and fermi quantum statistics in 1962-1964 . We showed that any representation of the symmetric group for identical particles is compatible with quantum mechanics in the context of first-quantized quantum theory [8] . We also worked out the branching rules for changes in the number of identical particles. We formulated parastatistics without using Green's ansatz (for the case with the usual Fock vacuum) in the context of second-quantized quantum field theory [9] . In addition, we derived the selection rules for interactions that change the number of identical particles. This work prepared me to address the paradox in the quark model of baryons that arose in 1964.
The year 1964 was the crucial year for the discovery of both quarks and color. The paradox concerning the quarks in baryons arose in the SU(6) theory of Gürsey and Radicati. They generalized an idea of Wigner from 1937. Wigner had combined the SU(2) I of isospin with the SU(2) S of spin to make an SU(4) and used this SU(4) to classify nuclear states and derive relations for their energy levels.
With a larger symmetry group he found more relations among the energy levels.
Gürsey and Radicati combined the SU(3) f of the three quark flavors in the original quark model with SU(2) S to get an SU(6) that they used to classify particle states.
The SU(6) theory considers a quark as a
and the spin
Gürsey and Radicati combined these as a
We can also decompose the quark under
For themesons this works well; we have
35 → (8, 0) + (1 + 8, 1).
Here the 8 and the 1 before the commas are the SU(3) f multiplicities and the 0 and the 1 after the commas are the spins of the particles. The octet of psuedoscalar mesons,
was known, as were the singlet plus octet (or nonet) of vector mesons,
Both the octet and the nonet fit well in the SU(6) scheme.
The analogous calculation for thebaryons requires decomposing the product of three 6's into irreducibles of SU(6),
This 56 is the representation that fits the data on the lowlying baryons,
since there is an octet of spin-1/2 baryons ,
and a decuplet of spin-3/2 baryons,
Gürsey and Radicati found a mass formula for these baryons that generalizes the Gell-Mann-Okubo mass formula for each SU(3) multiplet and also gives a new relation between masses in the octet and the decuplet.
The 56 seemed like a compelling choice for the baryons in the quark model.
However, this leads to a paradox: The permutation properties of the 56, 70 and 20 are respectively symmetric, mixed and antisymmetric. Since the quarks should have spin 1/2, the spin-statistics theorem [10] requires that they should be fermions and occur in the antisymmetric 20 representation. The experimental data which places the baryons in the symmetric 56 representation conflicts with the spin-statistics theorem.
When I came to Princeton in the fall of 1964 there was a lot of excitement about the Gürsey-Radicati SU(6) theory. Benjamin W. Lee gave me a preprint of a paper [11] on the ratio of the magnetic moments of the proton and neutron that he had written with Mirza A. Baqi Bég and Abraham Pais. They had calculated this magnetic moment ratio using the group theory of SU(6). I translated their result into the concrete quark model, assuming the quarks obey bose statistics in the visible degrees of freedom. Both the result, that the ratio is −3/2, and the simplicity of the calculation were striking.
Here is my version of that calculation: Represent the proton and neutron with spin up as
The
) combination in parentheses serves as a "core" that carries zero spin and isospin, so that the third quark to the left of the parentheses carries the spin and isospin of the proton or neutron. The magnetic moment is then the matrix element µ B = B ↑ |µ 3 |B ↑ , where µ 3 = 2µ 0 Σ q Q q S q , Q q = (2/3, −1/3, −1/3), the 2 is the g-factor of the quark, µ 0 is the Bohr magneton of the quark and Q q are the quark charges in units of the proton charge. With this setup the magnetic moments can be calculated on one line,
The analogous calculation for the neutron gives
The ratio is µ p /µ n = −3/2, which agrees with experiment to 3%. This leads to an estimate for the effective mass of the quark in the nucleon, m N /2.79 ≈ 340MeV /c 2 , which is consistent with present extimates of the constituent masses of the up and down quarks.
Previous calculations of the magnetic moments using pion clouds had failed.
Nobody had realized that the ratio was so simple. In retrospect the calculation worked better than we would now expect, since it did not take account of quarkantiquark pairs and gluons. Nonetheless, for me the success of this simple calculation was a very convincing additional argument that quarks have concrete reality.
The paradox about the placement of the baryons in the 56 representation of SU (6) The skepticism about quarks and color can be understood: Quarks were new.
Nobody had ever observed a particle with fractional electric charge. Gell-Mann himself was ambiguous about their reality. In his paper he wrote "...It is fun to speculate...if they were physical particles of finite mass (instead of purely mathematical entities as they would be in the limit of infinite mass...A search... would help to reassure us of the non-existence of real quarks [1] ." To add a hidden charge degree of freedom to the unobserved fractionally charged quarks seemed to stretch credibility to the breaking point at that time. In addition, parastatistics, with which the new degree of freedom was introduced, was unfamiliar.
Resolving 3 dissimilar triplets in order to have integer charges for the quarks. This is not correct, both experimentally theoretically for reasons given above. However this paper paper includes the statement "Introduce now eight gauge vector fields which behave as (1, 8) , namely as an octet in SU(3) ′′ " [16] . This was the introduction of the gauge theory of color. The original version of the quark model did not consider "saturation," why only the combinationsandoccur in nature. In 1966 Daniel Zwanziger and I surveyed the existing models and constructed new models to see which models account for saturation [17] . The only models that worked were the parafermi model, 
Summary
The discovery of color resolved a paradox: quarks as spin-1/2 particles should obey fermi statistics according to the spin-statistics theorem and should occur in antisymmetric states; however they occur in the symmetric 56 of the Gürsey-Radicati 
